Tectorigenin, an Isoflavone of Pueraria thunbergiana BENTH., Induces Differentiation and Apoptosis in Human Promyelocytic Leukemia HL-60 Cells
937 human histocytic lymphoma, HepG2 human hepatoma, SNU-C4 human colon cancer and A431 human epidermoid carcinoma cell lines were obtained from the Korean Cell Line Bank (Seoul, Korea). These were grown at 37°C in RPMI-1640 medium supplemented with 10% fetal bovine serum, penicillin (100 units/ml), and streptomycin sulfate (100 mg/ml). Cells were grown in a humidified atmosphere of 95% air 5% CO 2 and were seeded in plates after 3 passages. Cytotoxicity Assay The in vitro tests against HL-60, U-937, HepG2 and SNU-C5 cells were performed using MTT assay, essentially according to the method described previously. 12) Determination of Growth Inhibition Cells were seeded at a concentration of 2ϫ10 5 cells/ml, maintained for logarithmic growth by passaging them every 2-3 d, and incubated for 1-4 d with tectorigenin and genistein at various concentrations. Tectorigenin dissolved in ethanol was added to medium in serial dilution (the final ethanol concentration in all assays did not exceed 0.05%). Cell viability was checked by trypan blue exclusion method.
Differentiation Assay (1) NBT reduction test: The percentage of HL-60 cells capable of reducing NBT was determined by counting the number of cells which contained precipitated formazan particles, after cells had been incubated with NBT (1.0 mg/ml) at 37°C for 30 min. TPA was used as a stimulator for the formation of formazan. (2) Phagocytosis test: HL-60 cells (1ϫ10 6 cells/ml) were suspended in serum free RPMI 1640 medium containing 0.2% latex particles (average diameter, 0.81 mm) and incubated at 37°C for 4 h. After incubation, the cells were washed once with phosphatebuffered saline (PBS). Cells containing more than 10 latex particles were scored as phagocytic cells. (3) Flow cytometry: HL-60 cells (2ϫ10 5 cells/ml) exposed to tectorigenin were collected and washed twice with ice-cold PBS. They were then incubated with direct FITC-labeled anti-CD14 or anti-CD66b antibody on ice for 60 min, washed twice with PBS, and antibody binding to cells was quantified using FACS flow cytometry (Becton Dickinson Co., Germany).
DNA Fragmentation Assay For assays of fragmentation of chromosomal DNA, 1ϫ10 6 cells were collected by centrifugation and washed two times with PBS. The cells were fixed in 70% ethanol and stained overnight with propidium iodide (100 mg/ml) in PBS containing RNase A (500 mg/ml) at 4°C. The hypodiploid DNA was determined by flow cytometry using the Cell Quest program (Becton Dickinson). A portion of cells after incubation was suspended in lysis buffer (10 mM Tris-HCl, pH 8.0, 10 mM EDTA, 0.5% sodium dodecyl sulfate (SDS) solution). The lysate was centrifuged at 13000ϫg for 20 min to obtain the supernatant containing fragmented DNA. An aliquot (200 ml) of the supernatant and the pellet were used for the assay of DNA content. The other half was incubated with 1 mg/ml RNase for 60 min at 37°C, followed by treatment with 100 mg/ml proteinase K for an additional 45 min at 50°C. DNAs were preincubated by adding 50 ml of 5 M NaCl and 250 ml of isopropyl alcohol at Ϫ20°C overnight. DNA samples were resolved by eletrophoresis on 2% agarose gel. After electrophoresis for 90 min at 50 V, the gel was stained with ethidium bromide, and DNA was visualized by a UV transilluminator.
Western Blot Analysis Cellular protein was extracted from control and tectorigenin treated-HL-60 cells. The washed cell pellets were resuspended in ELB buffer (50 mM HEPES pH 7.0, 250 mM NaCl, 5 mM EDTA, 0.1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, 5 mM NaF, 0.5 mM sodium orthovanadate) containing 5 mg/ml each of leupeptin and aprotinin and incubated for 15 min at 4°C. Cell debris was removed by microcentrifugation, followed by quick freezing of the supernatants. Protein was determined by Bio-Rad protein assay reagent (CA, U.S.A.), as described by the manufacturer. Cellular protein (200 mg) from treated and untreated cell extracts was electroblotted onto nitrocellulose membrane following separation on 10% SDS-polyacrylamide gel electrophoresis (PAGE). The immunoblot was incubated overnight with blocking solution (5% skim milk) at 4°C, followed by incubation for 4 h with a 1 : 500 dilution of anti-Bcl-2 antibody. Blots were washed 2 times with PBS and incubated with a 1 : 1000 dilution of horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature, washed again three times, and then developed by enhanced chemiluminescence (Amersham Life Science, Arlington Heights, IL, U.S.A.).
EGF-Receptor Kinase Activity A431 cell crude membrane extract was prepared basically as described in Thom et al. 13) EGF-receptor autophosphorylation assay was carried out by incubating 2.5 mg of A431 membrane fraction in a final volume of 25 ml essentially as previously described.
14)
The membrane EGF receptor was activated with EGF (1 mg/ml) for 10 min at 0°C before being incubated with tectorigenin and genistein at 37°C, phosphorylation was started by adding [g-32 P]ATP to the mixture for 5 min at 30°C, and the reaction was terminated by heating at 95°C for 5 min in SDS-PAGE denaturation buffer. The resulting proteins were subjected to SDS-PAGE, as described.
14) The 32 P-labelled protein band corresponding to the EGF-receptor (170 kDa) was detected by autoradiography.
RESULTS
Cell Growth Inhibition Cytotoxicities of isoflavonoids from P. thunbergiana measured using MTT assay on various human cancer cells are listed in Table 1 . Among these compounds, tectorigenin and genistein exhibited cytotoxicity, glycitein showed only mild cytotoxicity and other compounds were inactive. As shown in Fig. 2 , tectorigenin and genistein inhibited growth of HL-60 cells in concentrationand time-dependent manners. In the later days of culture with higher doses of these two compounds, the cells were stained with trypan blue, but in limited fractions.
Effect on Differentiation of HL-60 Cells After treatment of HL-60 cells for 4 d, the differentiation inducing activity of tectorigenin was assayed compared with those of genistein and 1a,25(OH) 2 D 3 , and the results are shown in Table 2 . When HL-60 cells were incubated with tectorigenin at concentrations of 50 and 75 mM for this period, approximately 10.7% and 30.9% of HL-60 cells became stainable with NBT, respectively, whereas only 2.7% of the untreated cells were positive. The other isoflavone analogues, glycitein, tectoridin, glycitin, 6Љ-O-xylosyltectoridin and 6Љ-O-xylosylglycitin showed no NBT reducing effect even at the concentration of 200 mM (data not shown). Tectorigenin also induced HL-60 cells to differentiate phagocytic cells, but appeared to be weaker than genistein and 1a,25(OH) 2 D 3 . Next, the induction of differentiation was assessed by the expression of cell surface antigens CD14 and CD66b (Fig. 3) . Exposure of HL-60cells to 20 and 35 mM tectorigenin for 4 d increased the percentage of cells expressing CD14 antigen from 13.6% in the blank to 31.9% and 49.1%, respectively. The peak of expressing CD66b antigen was also shifted to the high fluorescence intensity. These results indicated that tectorigenin induced HL-60 cells to undergo monocyte/macrophage and granulocyte differentiation.
Induction of Apoptosis of HL-60 Cells
When tectorigenin and genistein were added to HL-60 cells for 4 d, these isoflavones almost stopped the cell growth at 20 and 50 mM, respectively (Fig. 2) . We therefore compared the effects of these compounds on apoptosis at these concentrations with the effect of positive agent cisplatin (10 mM). As shown in Fig. 4 , 50 mM tectorigenin and 35 mM genistein increased the population of hypodiploids without apparent change in the cell cycle. These compounds also induced nucleosomal ladder-fragmentation (Fig. 5) . Figure 6 shows the effects of tectorigenin and genistein on the expression of Bcl-2 protein in HL-60 cells, after treatment for 4 d. Tectorigenin decreased the Bcl-2 protein levels in the cells in a concentration-dependent manner, but its effect was much weaker than that of genistein.
Effect on Bcl-2 Expression in HL-60 Cells

Effect on Autophosphorylation of EGF-Receptor in A431 Cells
The PTK activity was determined as a function of phosphorylation of EGF receptor. EGF-receptor autophosphorylation (PTK activity), which occurs under physiological condition, was investigated using a plasma membrane preparation from human epidermoid carcinoma A431 cells. Figure  7 shows an apparent increase in EGF receptor phosphorylation by EGF and dose-dependent inhibition by tectorigenin and genistein. Phosphorylation of EGF-receptor in the absence of EGF (basal phosphorylation) was not detected. The inhibitory effect of tectorigenin was weaker than genistein.
DISCUSSION
This study indicated that among seven isoflavonoids of P. thunbergiana examined, tectorigenin and genistein exhibited a stronger growth inhibitory effect on some human cancer cell lines than glycitein. These results suggest that the 5-hydroxyl group on the isoflavone structure is crucial for the cytotoxic properties. Glycosides were inactive however; as previously reported most cytotoxic natural compounds do not belong to glycosides except for the cytotoxic saponin acting on cellular membranes. 15, 16) In general, hydrophilic compounds with sugar moieties are hardly permeable to the cellular membranes. 17) Tectorigenin induced differentiation into granulocytes and/or monocytes/macrophages, as assessed by NBT reduction, latex beads phagocytic activity and CD14 and CD66b antigen expression, and by apoptosis, as assessed by increase in hypodiploid population and DNA ladder formation, of human promyelocytic leukemia HL-60 cells less effectively than genistein. Genistein is well known to have potent PTK inhibitory activity. In this study it was confirmed that genistein strongly inhibited this activity in A431 cells, but to a much less extent than that of genistein. The substitution of the methoxy group at position 6 of the isoflavone skeleton (Fig. 1 ) may decrease the PTK activity. On the other hand, it has been reported that psi-tectorigenin, which potently inhibits phosphatidylinositol turnover without inhibiting PTK, 18) induced differentiation of myelocytic leukemia cells, and the effect was stronger than that of genistein.
9) Because tectorigenin is an isomer of psi-tectorigenin, which has a structure of 8-methoxy isoflavone (Fig. 1) , tectorigenin may have inhibitory activity of phosphatidylinositol turnover and induce diffrentiation by the same mechanism as psi-tectorigenin.
Protein phosphorylation and dephosphorylation are thought to be key events in the pathways that regulate cell growth, differentiation and apoptosis. 19) These are determining factors in the etiology of cancer. In this study, tectorigenin decreased Bcl-2 protein, an apoptosis inhibitory factor, in HL-60 cells, as did genistein. [20] [21] [22] Although the inhibition of Bcl-2 expression by these compounds is believed to be closely associated with the induction of apoptosis, the relation between Bcl-2 expression and protein phosphorylation is still unclear.
Although the relationship between leukemic cell differentiation, apoptosis and antiproliferative effects is complex and incompletely understood, differentiation therapy for leukemia, using differentiation-inducing compounds and combinations of various inducers, has been shown to be a new approach in the treatment of some human leukemia; e.g., all transretinoic acid (ATRA) leads to a complete remission of acute promyelocytic leukemia. 23) On the other hand, the differentiation inducers ATRA and TPA have been recently shown to induce apoptosis in leukemia cells. 24, 25) Apoptosis is a form of self-controlled cell death characterized by nucleosomal fragmentation and by several morphological changes which differ from those of necrosis.
26) The induction of apoptosis in proliferating tumor cells may thus be useful as an anticancer therapy. Our study showed that tectorigenin exhibited antiproliferative activity against human cancer cells, including HL-60 cells, and this activity may be based upon the induction of differentiation and apoptosis. Fig. 7 . Effect of Tectorigenin and Genistein on Autophosphorylation of EGF-Receptor in Epidermoid Carcinoma A431 Cells A431 cell membranes (2.5 mg) were incubated for 10 min with EGF (1 mg/ml) before addition of the indicated concentrations of inhibitors. After 10 min incubation with inhibitors at 37°C, autophosphorylation reaction was started by addition of radiolabelled ATP and terminated by addition of SDS-sample buffer. An autoradiogram of the dried SDS gel (8%) after 2 h of exposure is shown.
